Troponin is a thin filament-associated regulator of vertebrate striated muscle contraction. Troponin changes its structure upon Ca 2+ binding to troponin C, one of the subunits of troponin, allowing myosin to interact with actin. We recently elucidated the molecular characteristics of the Japanese pearl oyster
fuc-TnC and vertebrate muscle TnC play dissimilar roles in muscle contraction. Pifuc-TnC has four EF-hand motifs, but, unlike vertebrate TnC, only one (site IV) was predicted to bind Ca 2+ . To confirm the number of Ca 2+ -binding sites in Pifuc-TnC and whether Ca 2+ binding induces a conformational change, we purified the full-length protein and a variant, Pifuc-TnC-E142Q (that has a mutation in the predicted Ca 2+ -binding site of site IV), following their expression in laboratory E. coli. Isothermal titration calorimetry demonstrated Ca 2+ binding to Pifuc-TnC, whereas Pifuc-TnC-E142Q was unable to bind Ca 2+ , confirming that site IV is the only Ca 2+ -binding site in Pifuc-TnC. Pifuc-TnC eluted in a later fraction from a gel filtration column in the presence of Ca 2+ compared with the condition when Ca 2+ was absent.
In contrast, the elution profiles of Pifuc-TnC-E142Q were equivalent in both the presence and absence of Ca 2+ , suggesting that Ca 2+ binding to Pifuc-TnC induces a conformational change that delays its elution from the column. UV-absorption spectral analysis revealed that binding of Ca 2+ to Pifuc-TnC caused an increase in absorption at a wavelength of approximately 250 nm, possibly because phenylalanine residues had been exposed on the surface of the molecule as a result of a conformational change. Differential scanning calorimetric analyses of Pifuc-TnC showed aggregation in the presence of Ca
2+
in accordance with an increase of temperature, but no aggregation was seen in the absence of Ca 2+ . In combination, these findings suggest that Ca 2+ binding to site IV induces a conformational change in Pifuc-TnC. leading to its activation and subsequent interaction with actin. Although Tn is also located in molluscan muscles, it is currently unclear whether it is involved in a similar thin filament-linked regulatory system to that in vertebrates.
Bivalve adductor muscle is composed of two types of muscles, phasic and catch. Phasic muscle is used for quick shell closures and catch muscle for the prolonged closure of shells, a process that utilizes little energy (catch contraction) [7] . Recently, we revealed the molecular characteristics of troponin C from the Japanese pearl oyster Pinctada fucata (Pifuc-TnC) [8] [9] . The Pifuc-TnC gene is predominantly expressed in phasic muscle, which leads us to suggest that Pifuc-TnC is involved in phasic muscle contraction. Our prediction is also supported by a recent comprehensive survey of gene expression patterns in scallop adductor muscle using proteomic and transcriptomic analyses that showed that the genes of all the troponin subunits are more highly expressed in phasic muscle compared with catch muscle [10] . However, to evaluate our prediction, elucidation of the function(s) of Tn in molluscan phasic muscle is required.
Pifuc-TnC possesses four EF-hand motifs (site I -IV) and, analogous to other molluscan TnCs, primary structure analyses indicate that only site IV is able to bind to Ca 2+ [8] . A predicted three-dimensional model of Pifuc-TnC resembled that of chicken fast skeletal TnC. However, there was an additional loop structure in the α-helix connecting its N-and C-terminal lobes, suggesting that Pifuc-TnC might work differently in molluscan muscles compared with TnC in vertebrate muscles. Moreover, it has been reported that scallop TnC, which binds to Ca 2+ only at site IV, is likely to have distinct functions from vertebrates [11] .
Here, we studied Pifuc-TnC and Pifuc-TnC-E142Q, a Pifuc-TnC mutant variant lacking Ca 2+ -binding ability, and investigated whether the Pifuc-TnC structure changes upon binding of Ca 2+ .
Materials and Methods

Protein Preparation
We designed Pifuc-TnC-E142Q, a mutant variant lacking the ability to bind Ca 
Isothermal Titration Calorimetric Analysis
Ca 2+ binding to Pifuc-TnC or Pifuc-TnC-E142Q was measured by isothermal 
Gel Filtration Analysis
To 
UV-Absorption Spectral Analysis
Pifuc-TnC was dialyzed against phosphate buffered saline (PBS) and adjusted to a final concentration of 2.0 mg/mL. The absorption spectrum of Pifuc-TnC (2.0 mg/mL) in the presence or absence of 1 mM Ca 2+ (where appropriate), was measured between 240 nm and 320 nm using an Agilent Cary 60 UV-Vis scanning spectrometer (Agilent Technologies, Santa Clara, CA) at room temperature. The UV-absorption spectra of Pifuc-TnC in the presence and absence of Ca 2+ were then compared. Equivalent procedures were used to analyze the UV-absorption spectra of Pifuc-TnC-E142Q in the presence and absence of Ca 2+ .
Differential Scanning Calorimetric Analysis
The thermostability of Pifuc-TnC in the presence or absence of Ca 2+ was analyzed by differential scanning calorimetry (DSC). Pifuc-TnC was dialyzed against PBS and adjusted to a final concentration of 2.0 mg/mL. Pifuc-TnC was analyzed by DSC in the presence or absence of 1 mM Ca 2+ (where appropriate) using a Microcal VP-DSC (Malvern Panalytical Ltd.). Thermal scanning was performed between 10˚C and 80˚C with a scanning rate of 1˚C/min.
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Results
Protein Preparation
Histidine-tagged Pifuc-TnC and Pifuc-TnC-E142Q were successfully expressed in laboratory E. coli and purified to near-homogeneity using affinity chromatography as shown in Figure 2 . The purity was sufficient for use in all experiments carried out in this study. Following freeze-drying, both proteins were able to be resuspended in the buffers required for all analyses. 
Isothermal Calorimetric Analysis
Gel Filtration Chromatography
In the presence of Ca 2+ , Pifuc-TnC eluted in fraction 30 from a HiPrep16/60 Sephacryl S-200 high resolution gel filtration column, whereas it eluted earlier, in fraction 27, in the absence of Ca 2+ (Figure 4(a) ). In contrast, the elution profiles of the mutant variant, Pifuc-TnC-E142Q, which is unable to bind Ca 2+ , were equivalent in both the presence and absence of Ca 2+ (Figure 4(b) ). This indicates that Ca 2+ binding to Pifuc-TnC induces a conformational change that delays its elution from the column. 
UV-Absorption Spectra
UV-absorption spectral analysis revealed that the binding of Ca 2+ to Pifuc-TnC caused an increase in absorption at a wavelength of approximately 250 nm ( Figure 5 ). In contrast, no significant difference was observed in UV absorption spectra of the Pifuc-TnC-E142Q mutant variant in the presence and absence of Ca 2+ .
Differential Scanning Calorimetry
We also examined if Ca 2+ binding affects Pifuc-TnC stability by monitoring its thermal unfolding using differential scanning calorimetry (DSC). The DSC thermogram of the Ca 2+ -unbound Pifuc-TnC did not show a clear thermal transition, which may be due to gradual unfolding as the temperature increases.
However, a very different spectrum was observed for the Ca 2+ -bound Pifuc-TnC: a possible structural transition was observed at 50˚C followed by a number of smaller peaks that are probably the result of aggregation at higher temperatures ( Figure 6 ). The difference between the Ca 2+ -bound and -unbound forms is likely to be a result of changes in protein folding, owing to a conformational change upon Ca 2+ binding. Unfortunately, no thermodynamic parameters were obtained from the DSC data.
Discussion
Here, we successfully constructed, expressed, and purified recombinant Pifuc-TnC and its mutant variant Pifuc-TnC-E142Q ( Figure 1 and Figure 2 ). ITC analyses confirmed that Pifuc-TnC, as predicted from its primary structure, is able to bind to Ca 2+ only at its site IV EF-hand motif ( Pifuc-TnC is predominantly distributed in phasic adductor muscle [8] . Our findings in this study support previous reports that suggest molluscan TnC plays a role in the regulation of phasic muscle contraction. In mollusks, it is thought that muscle contraction begins following the direct binding of Ca 2+ to myosin, which leads to its activation and subsequent interaction with actin. The detachment of Ca 2+ from myosin reverses the process and relaxes the muscle [17] .
Troponin is distributed on thin filaments and it is currently unclear how thin-filament related proteins contribute to the regulation of muscle contraction in mollusks. However, it is highly likely that the Ca 2+ -induced conformational
